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Membrane trafﬁckingAutophagy is a highly conserved intracytoplasmic degradation pathway for proteins, oligomers,
organelles and pathogens. It initiates with the formation of a cup-shaped double membrane struc-
ture called the phagophore. The membrane origin for autophagosomes has been a key question for
the ﬁeld. ATG9 and ATG16L1, or their yeast orthologues, are key proteins that regulate autophago-
some biogenesis, and may be associated with distinct membrane sources. Here we review the biol-
ogy of autophagy with a focus on ATG16L1 and ATG9, and we summarise the current knowledge of
their trafﬁcking in relation to autophagic stimuli and autophagosome formation.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Macro-autophagy, hereafter referred to as autophagy, is a mem-
brane-mediated process that delivers cytoplasmic materials to
lysosomes for degradation. Multiple sources have been suggested
as the membrane origins for autophagosomes, including the endo-
plasmic reticulum [1–3], mitochondria [4] or ER-mitochondrial
contact sites [5], plasma membrane [6,7] and the Golgi complex
[8,9].
Induction of autophagy leads to the formation of ﬂattened
membranous sac-like structures (termed phagophores), that elon-
gate and seal to become double membrane-bound structures that
have engulfed small portions of the cytoplasm. These structures
are called autophagosomes. The outer membrane of the auto-
phagosome fuses with the lysosomal membrane to form an auto-
lysosome and degrade the materials contained within it together
with the inner membrane. The resulting degradation products
(such as amino acids) are recycled back to the cytosol and are re-
used for anabolic and catabolic processes, contributing to cellular
renovation and homeostasis.
Autophagy is induced by nutrient deprivation (amino acid star-
vation, growth factor withdrawal) and is also regulated by variousphysiological signals, such as low cellular energy levels, ER stress,
hypoxia and oxidative stress [10]. Recent studies revealed that un-
der basal conditions, autophagy can be selective for speciﬁc car-
goes, including disease-related inclusions, long-lived proteins,
superﬂuous or damaged organelles, and even invasive bacteria. In
addition to its essential role for cell survival under nutrient-de-
prived conditions, analyses of autophagy-defective organisms
revealed that autophagy is involved in a wide range of physiolog-
ical and pathological processes, such as early embryonic develop-
ment, survival in the neonatal starvation period, degradation of
pathogenic aggregate-prone proteins and bacterial clearance.
Autophagy impairment may contribute to the pathogenesis of neu-
rodegenerative diseases, such as Parkinson’s, Alzheimer’s and Hun-
tington’s diseases, or inﬂammatory disorders, such as Crohn’s
disease [11].
In the 1990s, genetic studies in yeast identiﬁed a series of about
35 autophagy-related (Atg) genes, many of which have mammalian
counterparts [12–14]. Among them, 15 Atg genes have been re-
ferred to as ‘core’ Atg genes, as they encode the fundamental
machinery for the biogenesis of autophagy-related membranes
and consist of six subgroups.
2. Autophagy initiation
In mammals, the initiation of phagophore formation is regu-
lated by a number of macromolecular complexes or groups of
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agy-speciﬁc phosphatidylinositol 3-kinase complex (PI3K), and the
multi-spanning transmembrane protein ATG9 [15–18]. ULK1, one
of the mammalian homologues of yeast Atg1, is part of a complex
that also includes ATG13, FIP200, and ATG101, and is suppressed
by the nutrient sensor kinase mTOR under nutrient-rich condi-
tions. The elongation and closure of phagophore membranes is
dependent on two ubiquitin-like conjugation systems: the ATG12
conjugation system and the LC3 (microtubule-associated protein
1 light chain 3, the mammalian Atg8 homologue) conjugation sys-
tem [19].
ATG12 and LC3 are ubiquitin-like proteins that are conjugated
to different substrates via the concerted action of an E1-like en-
zyme (ATG7) and the E2-like enzymes (ATG10 and ATG3, respec-
tively). ATG12 is covalently linked to ATG5 via ATG7 and ATG10
[20–22]. The ATG12-ATG5 conjugate interacts with ATG16L1 and
induces its oligomerization to form an 350 kDa complex in yeast
[23] or an 800 kDa complex in mammals [24]. The ATG12–ATG5–
ATG16L1 complex decorates pre-phagophore structures and
phagophores but dissociates from completed autophagosomes
[24].
LC3 is cleaved by ATG4 to form cytoplasmic LC3-I, which is then
activated by ATG7, transferred to ATG3 and conjugated to phos-
phatidylethanolamine (PE), a major component of various biologi-
cal membranes [19,22,25]. The transfer reaction of LC3 from ATG3
to PE is stimulated by the ATG12–ATG5–ATG16L1 complex, which
may also determine the site of the production of LC3–PE [26]. The
LC3–PE conjugate is called LC3-II and is speciﬁcally associated with
phagophore and autophagosomemembranes and thus LC3-II levels
and LC3 vesicle numbers correlate with autophagosome numbers
[27].
3. Autophagosome maturation
Completed autophagosomes move along microtubule tracts in a
direction biased towards centrosomes using the motor protein dy-
nein [28,29]. This brings autophagosomes to the cellular site where
lysosomes are clustered, and allows fusion of the organelles and
subsequent degradation of autophagic contents by lysosomal pro-
teases. In addition to stimulating autophagosome formation, star-
vation also acts to promote autophagosome degradation: it
increases intracellular pH, which favours perinuclear positioning
of lysosomes, placing them in the ideal location to fuse with
incoming autophagosomes as those travel inwards [30]. The fusion
of autophagosomes with lysosomes requires N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs), including
vesicle-associated membrane protein 7 (VAMP7), Vti1b [31] and
syntaxin 17 [32]. Of course, for autophagy to serve its purpose in
degrading cytoplasmic materials, lysosomal enzymes must func-
tion properly, and thus proteins like the syntaxin-5 SNARE com-
plex, responsible for trafﬁcking the lysosomal cathepsins, are also
essential [33].
The trafﬁcking and signalling pathways that regulate the
recruitment of ATG proteins to the autophagosome formation site
or autophagic membranes, as well as the selective incorporation of
cargoes into these membranes are still poorly understood. Here we
provide a review of our current understanding of the trafﬁcking
and regulation of two ATG proteins, ATG9 and ATG16L1. Although
these proteins perform different functions, they are both key play-
ers in very early steps of autophagy initiation, and they regulate
subsequent steps of the pathway. The trafﬁcking and localisation
of ATG9 and ATG16L1 are often examined as indicators in studies
focusing on autophagosome formation. Thus, we survey the avail-
able evidence with the goal of summarising the roles of these two
sentinels in the autophagy pathway.4. ATG9
ATG9 is the only known multipass transmembrane autophagy
protein among over 30 ATG proteins identiﬁed to date. It has six
conserved transmembrane domains [18] and cytosolic N- and C-
termini that are not homologous in mammals to the respective re-
gions in yeast [34]. It is important in the autophagy pathway, as
mice lacking ATG9 are unable to survive the neonatal starvation
period, for which autophagy is critical [35,36]. Furthermore, ﬁbro-
blasts deﬁcient in ATG9 cannot properly induce autophagy upon
starvation, as evidenced by the lack of increase in autophagosomes
labelled with LC3, as well as inefﬁcient lipidation of LC3 to form
LC3-II [35]. Degradation of long-lived proteins, as well as the mod-
el autophagy substrate p62, is impaired [35]. A few autophago-
somes do still manage to form in cells lacking ATG9, suggesting
it is not crucial in basal conditions, but its importance increases
when the autophagy pathway is stimulated [35,37]. Furthermore,
ATG9 depletion also results in fewer phagophores [37]. Conse-
quently, ATG9 is thought to act very early in the process of
autophagosome formation [37–39]. Indeed, in the autophagicre-
sponse to Salmonella, ATG9 is important for the recruitment of
the PI3K complex, which is a critical early step for autophagosome
formation [40].
4.1. Atg9 in yeast
Much of our current knowledge about the Atg9 trafﬁcking and
regulation comes from studies performed in yeast. In this system,
Atg9 is essential for autophagosome formation [41] and interacts
with itself, as shown by yeast two-hybrid, pull-down, and electron
microscopic analysis [42]. It was found to localise to several dis-
persed cytoplasmic punctate structures, as well as the pre-auto-
phagosomal structure or phagophore assembly site (PAS) [42,43].
One study has suggested that the punctate structures are adjacent
to mitochondria [42], although another group was unable to repli-
cate this result [44]. Atg9 cycles between these PAS and non-PAS
compartments, and is associated with Atg 8-positive structures
[43]. Under autophagy-inducing conditions, Atg17, a member of
the Atg1–Atg13 complex, helps localise Atg9 to the PAS [44]. In-
deed, Atg9 and Atg17 physically interact in an Atg1-dependent
manner, and the interaction is enhanced with autophagy-inducing
rapamycin treatment [44]. Furthermore, Atg9 cycling depends on
the Atg1–Atg13 complex, as deletion of either Atg1 or Atg13 leads
to Atg9 accumulation at the PAS [43]. Retrieval of Atg9 from the
PAS also requires the peripheral membrane proteins Atg2, Atg18,
and the autophagy-related Vps34-containing PI3K complex, which
generates phosphatidylinositol 3-phosphate (PI3P) to recruit Atg2
and Atg18 [43]. Atg9 interacts with both Atg2 and Atg18, and this
interaction is required for the recruitment of Atg2 to membranes
[45]. Atg2 recruitment also requires Atg1 and Atg18 [43]. Mean-
while, pull-down assays showed that the interaction of Atg9 with
Atg18 requires both Atg1 and Atg2 [43], suggesting that the
Atg1, Atg2, and Atg18 are all interconnected within the context
of Atg9 trafﬁcking in yeast. It is intriguing to note that lack of
Atg9 also leads to a defect in Atg2–Atg18 localisation to the PAS
[46], suggesting that Atg9 plays a part in recruiting the proteins
necessary for its own recycling. Recent data suggest Atg9 transport
is also regulated by the endosomal Q/t-SNARE Tlg2 and the R/v-
SNAREs Sec22 and Ykt6 interacting with Sso1–Sec9 [47].
Recently, Ohsumi and co-workers have suggested how Atg9
may be trafﬁcked and incorporated into autophagosomes using
elegant live-cell imaging. They observed that most Atg9 was
associated with mobile cytoplasmic vesicles that appeared to orig-
inate from the Golgi in a manner dependent on Atg23 and Atg27.
Only a few of these vesicles were incorporated into the
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mal outer membrane [48].
4.2. Mammalian ATG9 localisation
The trafﬁcking of mammalian ATG9 is less well understood. The
landmark study by Young et al. [18] suggested that under basal
conditions, ATG9 is localised to the trans-Golgi network (TGN), as
well as to peripheral puncta that correspond to late endosomes po-
sitive for RAB7, RAB9, and the cation independent mannose-6-
phosphate receptor (CI-MPR). Additionally, a later study by Orsi
et al. [37] showed that ATG9 also resides partly in early endo-
somes, and more signiﬁcantly, in the recycling endosome. In fact,
the recycling endosome was suggested to be the equivalent of
the Atg9 reservoir found in yeast [37]. Subsequently, the same
group showed that recycling endosomes contribute to autophago-
some formation, and that the small GTPase RAB11 is required for
this process [49].
Following the induction of autophagy by amino acid starvation
or the classical inhibitor of the mTOR pathway, rapamycin, ATG9 is
redistributed from its juxtanuclear position in the TGN and/or
recycling endosomes to peripheral endosomal membranes initially
believed to be positive for the autophagosome marker LC3 [18].
Several later studies conﬁrmed the phenomenon of ATG9 redistri-
bution from juxtanuclear to peripheral structures after nutrient
deprivation [34,38,50]. However, further work has suggested that
the redistributed ATG9 vesicles interact dynamically with phago-
phores and autophagosomes without ever becoming incorporated
into them [37].
4.3. Regulators of ATG9 trafﬁcking
ULK1, the mammalian homologue of Atg1, was one of the ﬁrst
proteins to be identiﬁed as inﬂuencing ATG9 trafﬁcking. When
ULK1 was depleted by siRNA in HEK293 cells, ATG9 was unable
to redistribute from the juxtanuclear pool to the peripheral pool
in response to starvation, and instead remained localised to the
TGN [18]. Similar results were obtained when another member
of the ULK1 complex, ATG13, was knocked down [51]. Interest-
ingly, ULK2, another homologue of yeast Atg1, had no effect on
autophagy induction or ATG9 trafﬁcking [18,51].
One study suggested that ULK1 exerts its effect on ATG9 local-
isation via a cascade involving myosin II [50]. Atg1/ULK1 was
shown to phosphorylate Drosophila spaghetti squash activator
(Sqa), or its mammalian homologue zipper-interacting protein ki-
nase (ZIPK), which in turn phosphorylates Drosophila spaghetti
squash (Sqh), the homologue of myosin regulatory light chain
(MRLC) [50]. The activity of myosin II is, in turn, regulated by the
phosphorylation state of MRLC, and myosin II activity is required
for starvation-induced autophagy and ATG9 redistribution. Myosin
heavy chain and MRLC colocalise with ATG9 upon starvation in
EBSS medium, and ATG9 interacts with myosin heavy chain under
nutrient-deprived conditions [50]. Depletion of either ULK1 or ZIPK
disrupted this interaction and prevented ATG9 redistribution, sug-
gesting that the ULK1-ZIPK-myosin II pathway is necessary for
ATG9 trafﬁcking [50]. Indeed, the authors propose that myosin II
may be a motor protein involved in the movement of ATG9 in
autophagy induction.
Furthermore, the PI3K complex was also shown to be required
for ATG9 trafﬁcking, as inhibitors of PI3K prevented redistribution
upon nutrient deprivation in HEK293 and HeLa cells [18,38]. Fur-
thermore, depletion of other members of the PI3K complex, such
as Beclin-1 and UVRAG, had a similar effect [38]. This is particu-
larly interesting in light of the work mentioned above, which sug-
gests that ATG9 (along with the ULK1 complex member FIP200) isresponsible for the recruitment of the PI3K complex in response to
Salmonella typhimurium [40]. At present, it is unclear whether this
phenomenon is only present in the process of antibacterial autoph-
agy, known as xenophagy, or whether it is applicable in the context
of generalised macroautophagy as well.
Beyond looking merely at the redistribution of ATG9 in re-
sponse to starvation, it is also important to examine the trafﬁcking
pathway in greater detail and determine where its regulators act.
Based on the observation in yeast that Atg9 cycling between the
PAS and the Atg9 reservoir depends on Atg1 and Atg18, the mam-
malian homologues of these genes (ULK1 and WIPI2, respectively)
were scrutinised for their effects on ATG9 cycling. Depletion of the
PI3P-binding Atg18 orthologue WIPI2 causes ATG9 to be localised
near an accumulation of PI3P-positive structures that are unable to
mature into autophagosomes, suggesting that WIPI2 may be
important for retrieving ATG9 from autophagosome precursors
[37]. However, ATG9 depletion reduces the number of WIPI2 punc-
ta, making it somewhat unclear whether one protein is upstream
of the other. WIPI2 is thought to be recruited to phagophores by
PI3P, the product of PI3K [52], and as discussed above, ATG9 may
play a role in the recruitment of the PI3K complex in the context
of xenophagy [40]. It might thus indirectly contribute to the
recruitment of WIPI2 to the site of autophagosome formation. This
agrees with previously mentioned yeast data, in which Atg9 deple-
tion impairs Atg2–Atg18 localisation to the PAS [46]. Another
homologue of yeast Atg18, WIPI1, also was not recruited to invad-
ing S. typhimurium in Atg9-deﬁcient cells [40].
An additional regulator of ATG9 trafﬁcking that may inform the
mechanism by which ATG9-containing membranes are rearranged
is the membrane-curvature driving protein Bif-1 [38]. Bif-1, also
known as Endophilin B1, was previously reported to modulate
autophagosome formation via association with the Beclin-1 com-
plex and associates with organelle membranes, such as the Golgi
and mitochondria [53]. After starvation, Bif-1 localises to cytoplas-
mic foci positive for ATG5, LC3, and ATG9 [38,53]. Takahashi and
colleagues [38] suggested that ATG9-containing membranes may
be partly derived from the Golgi, and undergo continuous tubula-
tion. Bif-1 is necessary for this process, as HeLa cells lacking that
protein show no tubulation and ﬁssion of ATG9-positive Golgi
membranes in response to starvation medium lacking amino acids
and glucose, and also do not manifest the fragmentation of Golgi
markers seen in starved control cells [38]. Consequently, fewer
GFP-LC3 spots (indicative of autophagosomes) are seen after star-
vation, and LC3 lipidation is also impaired [38]. The N-BAR domain
of Bif-1 was shown to be particularly important, as two helices
within this region are responsible for binding of the protein to
membranes and promoting membrane curvature. Mutants of Bif-
1 lacking these helices were unable to rescue the defect in starva-
tion-induced ATG9 redistribution [38]. Thus, the authors suggest
that Bif-1 exerts is effect by deforming ATG9-containing Golgi
membranes and promoting their tubulation and ﬁssion.
Meanwhile, a yeast two-hybrid approach was used to identify
an ATG9 binding partner that was shown to inﬂuence its trafﬁck-
ing. ATG9 and p38-interacting protein (p38IP) interact with each
other through their respective C-termini, and colocalise in periph-
eral punctate structures in HEK293A cells [34]. In fact, p38IP is nec-
essary for the redistribution of ATG9 upon starvation. When p38IP
is knocked down, the autophagic response to starvation is impaired
[34]. Interestingly, overexpression of p38IP also impairs protein
degradation, suggesting that a delicate balance of p38IP levels is
essential. The interaction of p38IP with ATG9 is governed by
p38aMAPK, which competes with ATG9 for p38IP binding. Indeed,
p38a was found to be a negative regulator of ATG9 trafﬁcking and
autophagy. When p38a was activated, ATG9 was unable to dis-
perse upon starvation, and the autophagic response was impaired.
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both nutrient-containing and nutrient-deprived media, and
autophagy was also increased in both fed and starved conditions.
Thus, the authors conclude that in nutrient-rich conditions, p38a
is phosphorylated and thus activated, allowing it to bind p38IP
with increased afﬁnity, sequestering p38IP away from ATG9, and
thereby preventing ATG9 dispersal and autophagy activation [34].
In the disease context, there may be a link between a-synuclein
and ATG9. In Parkinson’s disease, a-synuclein accumulates in neu-
ronal cytoplasm, and excess a-synuclein is sufﬁcient to cause this
condition. Overexpression of a-synuclein resulted in mislocalisa-
tion of ATG9 under basal conditions and also impaired autophagy
in cells and in vivo [39]. This appeared to be mediated by a-synuc-
lein inhibiting RAB1A.
At present, only disjointed pieces of the ATG9 trafﬁcking path-
way are understood (Fig. 1), and further work is necessary to reveal
how this pathway is regulated, as well as how the various regula-
tory proteins interact. Nonetheless, it is clear that proper ATG9
trafﬁcking is important for autophagosome formation, particularlyTGN
• starvation/rapamycin
• ULK1 complex
        via myosin II
• PI3K complex
• Bif-1
• p38IP
?
phospho-p38α
α-synuclein
     via RAB1A
pha
Fig. 1. Under nutrient-rich conditions, ATG9 is found in a perinuclear region correspond
well as a peripheral population thought to be late endosomes (LE) [18]. Upon autophagy
where it colocalises with markers of phagophores, and interacts dynamically with formin
the starvation-mediated redistribution of ATG9, including the ULK1 complex (though
[18,34,50,53]. WIPI2 is involved in removing and recycling ATG9 from the vicinity of ph
unknown dispersed compartment even without starvation [39].under conditions when autophagy is induced. ATG9 is an early
player in the formation of phagophores, and may act at a step
shortly before, after, or concurrent with PI3K complex recruitment.
The role of ATG9 is thought to be in the step of autophagy initiation
as well as the delivery of lipids to growing phagophores [37].
5. ATG16L1
5.1. Protein domain organisation
Atg16 consists of an N-terminal region that contains the Atg5
binding domain, and an adjacent coiled-coil domain (CC domain)
crystallised as a homo-dimer [54] (Fig. 2A). Mammalian ATG16L1
contains seven WD repeats at the C-terminal region (WD domain),
as well as other insertions, which are absent in yeast Atg16 [24].
The CC domain is required for starvation-induced autophagy in
yeast, and this domain is conserved in mammalian ATG16L1 [24].
Atg12–Atg5 conjugation appears to be irreversible and a major
fraction of both proteins exists in the conjugated form [23,55].RE
LE
WIPI2
gophore
ing to the trans-Golgi network (TGN) [18] and recycling endosomes (RE) [37,49], as
induction by starvation or rapamycin, ATG9 redistributes to a peripheral location,
g autophagosomes [37]. Several regulatory proteins and complexes are required for
t to act via a cascade involving myosin II), the PI3K complex, Bif-1 and p38IP
agophores [37]. Finally, a-synuclein, acting via RAB1A, can mislocalise ATG9 to an
(A)
(B)
(C)
Fig. 2. (A) Schematic representation of human Atg16L1 and yeast Atg16. Both proteins share an Atg5-binding domain (A5) at the N-terminus and a coiled-coil domain (CCD)
in the middle region. In addition, Atg16L1 has seven WD40 repeats (WD) at the carboxy terminus, which are absent in yeast Atg16. (B) Atg16 complex during autophagosome
formation. Once Atg16 has formed a parallel coiled-coil dimer through its CCD, two Atg5–Atg12 conjugate molecules are positioned at the same edge of the long rod-like
structure of Atg16 [54,57]. The association of the Atg12–Atg5 conjugate with Atg16 unmasks a membrane-binding site in Atg5 and allows it to bind to phagophore precursors.
The high-energy Atg3–Atg8 intermediate activated by Atg7 is recruited to the phagophore membrane via the interaction between Atg3 and Atg12. LC3 is thus brought into
proximity with PE in the membrane, leading to lipidation [26,61]. (C) Regulators of ATG16L1 complex localisation: Upon amino acid starvation, the proper targeting of the
ATG16L1 complex to the autophagosome formation site depends on the ULK1 complex (via direct interaction with FIP200) [63,64]. PI3K activity may also play a role in proper
localisation of the ATG16L1 complex at the phagophore. In basal conditions, RAB33B is able to recruit the ATG16L1 complex to the Golgi [65]. ATG16L1 has been found to
interact with clathrin heavy chain and a fraction of ATG16L1 is associated with plasma membrane. ATG16L1 is internalised by clathrin-dependent and -independent
pathways. Subsequently, ATG16L1is rapidly associated with phagophore precursors that undergo SNARE-dependent homotypic fusion and ﬁnally acquire LC3 [6,7]. ATG16L1
may be speciﬁcally recruited via its WD domain by adaptor proteins during the early initiation of bacteria-induced autophagy. In response to Staphylococcus aureus infection,
TMEM59 and the Toll-like receptor 2 (TLR2) engage ATG16L1 on bacterial phagosomes, while NOD1 and NOD2 recruit ATG16L1 to the entry site of Shigella ﬂexneri [68,70,71].
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terminal domain of Atg16 and the CC domain of Atg16 mediates
multimerization of Atg12–Atg5 conjugates, leading to the forma-
tion of a complex with a 2:2:2 stoichiometry [26,54] (Fig. 2B). Sim-
ilarly to yeast Atg16, mammalian ATG16L1 was shown to form a
large protein complex with mammalian ATG12–ATG5 conjugates
[23,24,56,57].
5.2. Role in autophagy
In yeast, the Atg12–Atg5–Atg16 complex resides on the PAS but
not on the completed autophagosome [58]. Similarly, in mammals,ATG12–ATG5–ATG16L1 predominantly localises on the outer sur-
face of the phagophore and dissociates from the membrane imme-
diately before or after the completion of autophagosome formation
[59].
Most Atg16L1-deﬁcient mice, like Atg5-deﬁcient mice, died
within 1 day of delivery, indicating that the ATG16L1 complex is
required for survival during neonatal starvation [36,60]. In
Atg16L1-deﬁcient mouse ﬁbroblasts, ATG12–ATG5 puncta are
rarely detected and autophagosomes fail to form; this results in
the accumulation of long-lived proteins [60].
Atg16/ATG16L1 is essential for autophagy because it regulates
the localisation of the Atg12–Atg5 conjugate to the PAS in yeast,
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eukaryotes, and speciﬁes the site of Atg8/LC3 lipidation [26,58].
An in vitro study using puriﬁed yeast proteins in liposome co-sed-
imentation assays showed that Atg5 alone binds to membranes
more efﬁciently than the Atg12–Atg5 conjugate. In contrast, the
Atg12–Atg5–Atg16 and Atg5–Atg16 complexes bind efﬁciently to
liposomes [61]. Studies using different yeast deletion strains
showed that the presence of Atg5–Atg12 in the membrane fraction
was reduced in yeast cells lacking Atg16 and that Atg5 remains in
the membrane fraction in yeast cells lacking Atg12. The authors
propose a model in which, upon induction of autophagy, Atg16
triggers membrane binding by Atg5 due to the release of the inhi-
bition of membrane binding by Atg12 (Fig. 2B). The importance of
Atg16 is further accentuated by its role in Atg8 localisation: the
high-energy Atg3–Atg8 (LC3 homologue) intermediate, which has
been activated by the E1-like enzyme Atg7, is recruited to the
membrane via the interaction between the E2-like enzyme Atg3
and Atg12 in the Atg16 complex. The complex brings Atg8/LC3 into
proximity with PE in the membrane, leading to subsequent lipida-
tion [26]. The site of lipidation is likely critical for autophagosome
formation, because if ATG16L1 is artiﬁcially engineered to localise
to the plasma membrane, lipidation of LC3 occurs on this mem-
brane, but the number of LC3 dots upon starvation is greatly re-
duced [26]. The plasma membrane-localised ATG16L1 complex
bypasses two important factors that are normally critical for LC3
lipidation: starvation signalling and PI3K signalling [27]. This sug-
gests that the output of these signalling pathways may be the tar-
geting of the ATG16L1 complex to the source membrane.
Interestingly, the yeast Atg16 complex has been shown to have
some preference for PI3P-containing liposomes [61]. PI3K activity
is essential for autophagosome formation and thus local produc-
tion of PI3P on autophagosome precursors may contribute to mem-
brane recruitment of the Atg16 complex [62]. In addition,
treatment with wortmannin, an inhibitor of PI3K, inhibits ATG5
localisation [59]. However, as ATG5, ATG12 and ATG16L1 do not
have any typical membrane-binding motifs, it remains unclear ex-
actly how the ATG16L1 complex is recruited to membranes during
starvation-induced autophagy (Fig. 2C).
5.3. Regulators of membrane recruitment
Although the precise mechanism of ATG16L1 membrane
recruitment is not yet understood, several regulators of this pro-
cess have been characterised. Recently, two independent studies
identiﬁed a direct binding partner of ATG16L1 in FIP200, a compo-
nent of the ULK1 complex, which is a known regulator of early
events in autophagosome formation [63,64]. The FIP200-binding
motif of mammalian ATG16L1 has been mapped to the region be-
tween its WD repeats and CC domain. The interaction of ATG16L1
with FIP200 leads to proper targeting of the ATG16L1 complex to
the autophagosome formation site, and in FIP200-depleted cells,
ATG16L1 staining shows a diffuse cytoplasmic pattern [64].
Intriguingly, when the WD domain is deleted, the N-terminal half
of ATG16L1 (containing the Atg5-binding and the CC domains) re-
gains the ability to localise to the autophagosome formation sites
in FIP200 knock-out ﬁbroblasts under nutrient-rich and starvation
conditions. In addition to the punctate structures, the N-terminal
half of ATG16L1 is also targeted to perinuclear membranes that re-
main undeﬁned. The authors argue that the interaction with
FIP200 assists in the proper targeting of ATG16L1 to the isolation
membrane and propose the existence of a self-inhibitory role for
the C-terminal WD repeats [64]. A mutant of ATG16L1 that cannot
bind FIP200 exhibits less localisation to pre-autophagosomes upon
amino acid starvation, a process that requires the ULK1 complex;
conversely, this mutant is functionally normal during glucose star-
vation-induced autophagy, an ULK1-independent process [63].This has been proposed as a link between the ULK1 complex, which
mediates autophagy induced by only certain speciﬁc triggers, and
the ATG16L1 complex, which belongs to the essential core of the
autophagy machinery.
Additionally, the region of ATG16L1 responsible for the binding
to FIP200 has also been shown to bind to RAB33B, a small GTPase
described as a Golgi-resident protein involved in Golgi-to-ER trans-
port [65]. RAB33B interacts directly with ATG16L1 in a guanosine
triphosphate (GTP)-dependent manner and both endogenous
ATG16L1 and the ATG12–ATG5 conjugate co-immunoprecipitate
with FLAG-tagged RAB33B. Although the interaction is unaffected
by nutrient conditions, overexpressed RAB33B is able to recruit
endogenous ATG16L1 and ATG12 to the Golgi, and the GTPase-
deﬁcient mutant of RAB33B enhances LC3 lipidation. Based on this
study, the ATG16L1 complex has been proposed to function as a
speciﬁc effector molecule for RAB33B in autophagosome forma-
tion. Although RAB33B is the only Rab protein implicated so far
in the recruitment of ATG16L1, structural analyses in yeast suggest
that a parallel dimeric coiled-coil structure found in Atg16 resem-
bles the structure of the Rab-binding domain found in other Rab-
binding proteins (such as GCC185, a TGN golgin that binds Rab6,
and Sec2, a guanine nucleotide exchange factor for the Rab GTPase
Sec4) [54]. Although RAB33B itself is not conserved in yeast, these
observations suggest that the conserved surface residues of Atg16
may be responsible for the interaction with Rab family proteins.
Another ATG16L1 binding partner that inﬂuences its membrane
recruitment is clathrin: an interaction with clathrin heavy chain
has been reported recently at the amino-terminal region of
ATG16L1 [6]. The N-terminal deletion mutant of ATG16L1 (consist-
ing of residues 232–607) that does not interact with clathrin forms
signiﬁcantly fewer vesicles. Furthermore, inhibition of endocytosis
by depletion of the clathrin heavy chain, clathrin adaptors epsin 1
and AP2, or ectopic expression of a dominant-negative mutant of
dynamin II (which inhibits the scission of endocytic vesicles) all
signiﬁcantly decrease the number of ATG16L1 vesicles. Many
ATG16L1 structures have been found to colocalise with plasma
membrane markers or fuse with vesicles immediately after inter-
nalisation from the plasma membrane, suggesting that ATG16L1-
positive structures are very early autophagosome precursors that
derive at least in part from early endosome-like intermediates that
have recently budded from the plasma membrane (Fig. 2C). Plasma
membrane-associated ATG16L1 is internalised by clathrin-depen-
dent and -independent pathways and is rapidly associated with
phagophore precursors, which mature into phagophores and then
autophagosomes [6,66].
Following internalisation, the ATG16L1-positive phagophore
precursors undergo homotypic fusion, generating tubulovesicular
structures that increase in size as a result of the fusion, enabling
the acquisition of LC3, which marks phagophores [7]. Fusion of
ATG16L1 vesicles is dramatically inhibited in cells treated with
N-ethylmaleimide (NEM), a strong inhibitor of SNAREs, suggesting
a role for SNAREs in this process. The SNARE protein VAMP7 and its
partner SNAREs (syntaxin7, syntaxin8, and Vti1b) have been iden-
tiﬁed as critical regulators of ATG16L1 precursor homotypic fusion
[7]. VAMP7 and its partner SNAREs localise on ATG16L1 precursors
and on phagophores, and their depletion increases the number of
ATG16L1 vesicles, decreases their size, and reduces the colocalisa-
tion between ATG16L1 and LC3, as well as subsequent autophago-
some formation.
The wide variety of upstream events regulating ATG16L1 local-
isation and vesicle formation imply that ATG16L1 itself may act as
a convergence point mediating different autophagy signals, in
addition to signals through ULK1 (as suggested by the interaction
with FIP200). Although the WD domain of mammalian ATG16L1
is dispensable for conventional autophagy [67], this versatile pro-
tein–protein interaction domain possibly enables the mammalian
1994 E. Zavodszky et al. / FEBS Letters 587 (2013) 1988–1996protein to perform additional functions exclusive to higher eukary-
otes, some of which may conceivably be autophagy-independent.
In addition to integrating upstream signalling events in macro-
autophagy, the WD domain of ATG16L1may also play a role in spe-
ciﬁc types of autophagy, such as xenophagy. ATG16L1 deﬁnes the
site of LC3 lipidation and for this reason, it constitutes a suitable
target forselective autophagy against speciﬁc cargoes. The exis-
tence of adaptor proteins that recruit ATG16L1 via its WD domain
to speciﬁc sites has been suggested by several studies. One study
proposes the human transmembrane molecule TMEM59, a protein
localised in the endosomal compartment and known to regulate
glycosylation of the amyloid precursor protein (APP), as one of
these adaptors [68]. Mutation analysis of TMEM59 identiﬁed a
minimal 19-amino-acid motif in its intracellular domain that stim-
ulates autophagy when over-expressed. This active motif directly
binds the WD domain of ATG16L1. TMEM59 promotes LC3 label-
ling of the compartment where it becomes activated by aggrega-
tion, linking conventional endocytosis to autophagic degradation.
Of note, in response to Staphylococcus aureus infection, TMEM59
promotes LC3 labelling of single-membrane bacterial phagosomes
by directly engaging ATG16L1 [68]. During some bacterial infec-
tions, as in the case of S. aureus, autophagy is directed to mem-
brane-enclosed compartments and is required for bacterial
replication [69]. TMEM59 depletion impairs LC3 lipidation pro-
voked by S. aureus infection and results in reduced bacterial recov-
ery from infected cells [68].
Interestingly, the same autophagy-stimulating motif from
TMEM59 is present with a similar ATG16L1-binding activity in
other proteins involved in the cellular response to bacterial inva-
sion. The motif has been found in the intracellular region of
TLR2, the Toll-like receptor 2 that promotes LC3 labelling of con-
ventional phagosomes [70] and in the N-terminal caspase recruit-
ment domain (CARD) of NOD2, which couples bacterial sensing
through peptidoglycan detection to the initiation of autophagy in
association with NOD1. Both NOD1 and NOD2 co-immunoprecipi-
tate with ATG16L1 and recruit ATG16L1 at the entry site of Shigella
ﬂexneri, acting as nucleating factors for the early initiation of bac-
teria-induced autophagy (also called xenophagy) [71]. Polymor-
phisms in both NOD2 and ATG16L1 have been associated with
greater risk for the development of Crohn’s disease, a chronic
inﬂammatory disorder of the bowels. The most common NOD2 var-
iant associated with Crohn’s disease resulted in impaired recruit-
ment of ATG16L1 to the bacterial entry site and greatly reduced
bacterial autophagy [72,73]. The Crohn’s disease-associated
ATG16L1 allele (T300A) is located in its C-terminal WD domain.
The ATG16L1(T300A) mutant has been shown to be defective in
autophagic sequestration of intracellular bacteria, while the effect
on canonical autophagy remains unclear [67,74]. Additionally, per-
itoneal and bone marrow macrophages deﬁcient in ATG16L1
showed enhanced production of inﬂammatory cytokines IL1b and
IL18, both involved in the pathogenesis of chemical-induced colitis
[60].
6. Conclusions
Overall, we have reviewed various studies that show ATG9 and
ATG16L1 as vital players in early steps of autophagosome forma-
tion. Prior to autophagy induction, they appear to follow separate
trafﬁcking pathways, which is not entirely surprising considering
that ATG9 is a transmembrane protein, while ATG16L1 must be re-
cruited from the cytosol. Furthermore, the regulation of these pro-
teins within autophagy appears to be relatively independent: of
the regulatory proteins known to date, they share only the ULK1
and PI3K complexes, which are some of the earliest participants
in the formation of autophagosome precursors. Thus, ATG9 and
ATG16L1-containing vesicles may represent different membranesources that ultimately contribute to autophagosome formation.
It will be interesting to discover how and when the ATG9 and
ATG16L1 pathways meet. One possibility is that the recently dis-
covered membrane-tethering activity of the Atg16 complex in
yeast may promote tethering and fusion of other precursor vesicles
[61]. Moreover, mammalian ATG9 depletion decreases the number
of ATG16L1 vesicles [37], suggesting that there is a point at which
these precursor pathways converge. Further elucidation of this
relationship will advance our knowledge of the enigmatic mecha-
nism of autophagosome formation.
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